We investigate the influence of annealing on the morphology of intimately mixed blends of the conjugated polymers poly(9,9 -dioctylfluorene-co-bis-N, N -(4-butylphenyl)-bis-N,N -phenyl-1,4-phenylene-diamine) (PFB) and poly(9,9 -dioctylfluorene-co-benzothiadiazole) (F8BT) with scanning transmission x-ray microscopy (STXM). Through the use of a zone plate with theoretical Rayleigh resolution of 30 nm, we are able to resolve sub-100 nm bulk structure in these films. Surprisingly, for unannealed films spin-coated from chloroform we observe features with an average diameter of 85 nm. The high degree of photoluminescence quenching in these as-spun films (>95%) implies that there is significant intermixing within the 85 nm structures, indicating that a hierarchy of phase separation exists even on the length scale of less than 100 nm. With annealing up to 160
Introduction
Organic solar cells based on solution processed conjugated polymers have the potential to meet the need for low-cost photovoltaic technology [1] . As a result of the high excitonic binding energy (∼0.4 eV [2] ) and low exciton diffusion length (∼10 nm [3, 4] ) in these materials, efficient device operation relies upon the formation of nanostructured donor/acceptor networks to facilitate efficient exciton dissociation and efficient charge collection. Through the processing of a solution containing both donor and acceptor species, such nanostructures can be produced through the natural phaseseparation process that occurs as the solvent evaporates during film formation. However, as the efficiency of other key processes, such as the separation of charges bound at a donor/acceptor interface [5] , depend crucially on the length scale of phase separation [6, 7] , optimum morphologies exist that balance the generation of charges with their subsequent separation and collection. The tuning of film morphology to optimize device operation is generally achieved by varying the blend ratio [8] [9] [10] , molecular weight [11] , or through control of processing conditions (such as solvent choice [12] , solution concentration [13] and film drying time [14] ) and/or post-processing such as annealing [15, 16] . Key to our understanding of device operation and optimization, then, are reliable methods to characterize the film morphology of thin organic films on the length scale of less than 100 nm. For blends of conjugated polymers with fullerenes, such as PCBM ((6,6)-phenyl-C 61 -butyric acid), electron microscopy has met this need, with contrast arising from the different densities of the materials [17, 18] . However for all-polymer devices, the donor and acceptor polymers that comprise the blend have similar mass and electron densities, resulting in negligible contrast in electron microscopy. In the case where there is different elemental composition, energy filtered transmission electron microscopy in combination with electron energy loss spectroscopy can be used to provide elemental and hence phase contrast [19] . However, an alternative approach is to use differences in the unoccupied electronic structure as the basis for contrast. This approach has the benefit that contrast can be achieved for materials with identical densities and elemental composition. Contrast afforded by unoccupied electronic structure forms the basis of the technique scanning transmission x-ray microscopy (STXM) [20, 21] employed in this paper. Through the use of soft x-rays the energy of the probe beam can be tuned to near-edge absorption resonances that are characteristic of the molecular structure of a particular material [22] . The use of x-ray optics to focus the probe beam with a spatial resolution of ∼30 nm [23] , combines the high chemical contrast of near-edge x-ray absorption fine structure (NEXAFS) spectroscopy with high spatial resolution. Furthermore NEXAFS microscopy affords quantitative determination of chemical composition providing not only chemical contrast but also determination of local blend ratio.
In previous publications, we have utilized STXM to study the composition of micron-sized laterally phase-separated blends of poly(9,9 -dioctylfluorene-co-benzothiadiazole) (F8BT) with either poly(9,9 -dioctylfluorene-co-N-(4-butylphenyl) diphenylamine) (TFB) [24] or poly(9,9 -dioctylfluorene-cobis-N,N -(4-butylphenyl)-bis-N,N -phenyl-1,4-phenylenediamine) (PFB) [25] that are used in efficient light-emitting diodes and prototype solar cells, respectively. In this publication, we utilize an improvement in zone plate resolution to study the morphology of more intimately mixed blends of PFB with F8BT. The PFB/F8BT system (see figure 1 for chemical structures) has been well studied [26] [27] [28] , with knowledge of device operation and photophysics aiding the interpretation and application of morphology data. In particular, in a recent publication we have investigated the influence of annealing on the photovoltaic performance and photoluminescence of films prepared in an identical fashion to those studied here [7] . The photoluminescence quenching results will be used to provide complementary information to the STXM measurements regarding the size and purity of phases. Since the length scale of exciton diffusion (∼10 nm) is smaller than the spatial resolution of the microscope used here (∼30 nm), photoluminescence quenching results provide information on length scales smaller than can be directly imaged by STXM. Preliminary resonant soft x-ray scattering measurements have also been performed that are shown to qualitatively confirm the STXM results.
Experimental details
PFB/F8BT blends were prepared from chloroform solutions with a weight ratio of 1:1 and deposited by spin-coating at a concentration of 11.5 mg ml −1 to produce films ∼150 nm thick as measured by profilometry (Dektak 6M). The molecular weights of PFB and F8BT were M p ∼135 kg mol
and M p ∼150 kg mol −1 respectively and were supplied by Cambridge Display Technology (CDT) Ltd. Chloroform was chosen as the solvent, in addition to being a good solvent for both polymers, as it evaporates quickly and is expected to produce films in the one-phase or intermixed region of the phase diagram. Films were spin-coated onto poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS, supplied by CDT) coated glass slides and floated off onto TEM grids after annealing. Annealing was performed by placing substrates on a hotplate in a nitrogen glove box for 10 min at temperatures at or above the glass transition temperature of these polymers (∼140
• C [29, 30] ) followed by rapid cooling to room temperature. Above the glass transition temperature the polymer chains will become mobile initiating small fluctuations in composition. Due to the instability of the one-phase region of the phase diagram, random concentration fluctuations are unstable and grow in amplitude, producing phase separation through spinodal decomposition. As the longwavelength fluctuations grow slowly due to the time taken for material to diffuse (corresponding to the evolution of larger domains) for convenience we have chosen to vary anneal temperature instead of anneal time.
STXM measurements were performed at beamline 5.3.2 of the Advanced Light Source (ALS), Berkeley, CA [23] . Full details of the experiment and analysis can be found in previous publications [24] . Briefly, the TEM grid-supported films were mounted in the sample chamber which was evacuated to 0.3 mbar and subsequently refilled with 1/3 atm of helium. The transmitted x-ray intensity through the film was recorded using a scintillator and photomultiplier tube and measured as a function of energy and position. Images were acquired at energies of 280, 284.7, 285.2 and 350 eV. NEXAFS spectra were also taken by averaging across a linear section of each film with a defocused spot to minimize beam damage. A zone plate with outer zone width of 25 nm was used providing a theoretical Rayleigh resolution of 30 nm. Quantitative analysis was performed by converting raw x-ray images to x-ray optical density (defined as OD = ln(I 0 /I ), where I 0 is the incident x-ray intensity and I the transmitted x-ray intensity) images. From knowledge of the x-ray optical density spectra of pure films of known thickness singular value decomposition was performed to determine the thickness of each component as a function of position. These thickness images were then divided by the total thickness image to provide weight percentage composition maps. Good agreement between average composition from the composition images and component fits to the average NEXAFS spectra was obtained with an overall average blend composition of 53 ± 3 wt% F8BT calculated consistent with the prepared solution blend ratio. Full data analysis details can be found in our previous publications.
Resonant soft x-ray scattering (RSoXS) measurements [31] were performed at beamline 6.3.2 of the ALS. Full details of the beamline can be found in [32] . The 600 l mm −1 grating was used in combination with an exit slit width of 50 μm. The photon energy was calibrated by measuring absorption spectra at the beamline and comparison with near-edge absorption features of known spectra [33] . The films were mounted on 100 nm thick Si 3 N 4 membranes of dimension 1 mm × 1 mm for these measurements. The measurements were performed at high vacuum (∼10 −7 mbar) in a transmission geometry using a channeltron detector. The q scans were performed at 284.8 eV, the photon energy with maximum materials contrast.
Photoluminescence (PL) efficiencies were measured at room temperature on films on quartz substrates in a nitrogenpurged integrating sphere. F8BT was selectively excited by irradiation with an argon ion laser at 488 nm and detection with an Oriel Instraspec IV spectrometer. PL efficiencies were calculated as described by de Mello et al [34] . Figure 1 shows the NEXAFS spectra of pure films of PFB and F8BT along with the averaged NEXAFS spectra acquired of as-spun and annealed blend films. Significantly, there is no change in the shape of the NEXAFS spectra with annealing that may accompany a change in packing structure and molecular orientation [30] . Figure 2 presents composition images of PFB/F8BT blend films comparing an as-spun film to films annealed at 140, 160, 180 and 200
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• C along with a plot showing the evolution of film photoluminescence quantum efficiency (PLQE) with annealing. Interestingly, for as-spun films with a PLQE of 2.8% corresponding to a more than 95% exciton quenching efficiency, structure is observed with the features exhibiting an average size of 85 nm and variations in composition of ±5 wt% from the overall composition average. The small compositional variation and the small exciton diffusion length and high photoluminescence quenching efficiency, however, implies that these 85 nm structures do not correspond to pure phases. Thus there is significant intermixing within these structures with a hierarchy of phase separation existing on the length scale of less than 100 nm. As the image analysis accounts for film thickness variations when computing composition images, these variations are not due to thickness variations but rather correspond to variations in bulk chemical composition. For the 140
• C film, there is little difference in the size of the imaged features or the magnitude of composition variations compared to the as-spun film despite an increase in the PLQE from 2.8% to 6.4%. Similarly, for the 160
• C film there appears to be little change in the feature sizes despite a further increase in PLQE to 16%, suggesting an unseen evolution of morphology within the 85 nm structures for these milder anneal temperatures. For anneal temperatures above 160
• C there is a pronounced coarsening of morphology imaged by STXM and corresponding increase in compositional variation. These morphological changes are accompanied by significant increases in PLQE to 34% for the 180
• C annealed film and 57% for the 200
• C annealed film, close to the PLQE of pristine F8BT (66%). Both 180 and 200
• C films also exhibit a bicontinuous morphology that appears to evolve with a universal, relatively scale invariant form consistent with evolution via spinodal decomposition.
A more quantitative analysis of the images of figure 2 is presented in figure 3 . In figure 3 (a) the distribution of composition values for each image has been plotted, demonstrating more clearly the systematic increase in the degree of composition fluctuations with annealing temperature. Indeed, figure 3(c) plots the full width at half maximum of these plots (determined as 2.35 times the standard deviation of Gaussian fits to the distributions in figure 3(a) ) showing that the spread of composition values increases from 10 wt% FWHM (i.e. ±5 wt% from average) for the as-spun film to 37 wt% FWHM for the 200
• C annealed film. Figure 3 (b) plots typical composition traces for each image allowing comparison of both composition fluctuations and feature sizes. The average lateral feature size has been calculated by measuring the dimension of features over many such traces and is also plotted • C for 10 min (circles).
in figure 3 (c) as a function of annealing temperature. As plotted in figure 3 (c) as a function of anneal temperature the average feature size grows from 85 nm for as-spun films to over 200 nm for films annealed at 200
• C. The coarsening of the domain structure and the evolution towards purer domains has also been observed during an exploratory, qualitative RSoXS study. The as-cast film exhibits a scattering peak at ∼0.035 nm −1 , corresponding to a mean domain size of ∼90 nm (see figure 4) . After annealing at 200
• C for 10 min, the RSoXS measured domain size increases to ∼200 nm, consistent with that measured by STXM. Most significantly, the scattering intensity increases significantly at low q with annealing, qualitatively indicating that the scattering contrast between the two polymers increases as the domains became more pure. The structure factor of the domains also changes slightly with annealing, with the scattering peak changing shape on the low q side, indicating that the evolution during annealing is not completely scale invariant. More advanced characterization using RSoXS should be able to provide structural information at length scales finer than can be resolved with STXM. The maximum theoretical q achievable in RSoXS for photon energies near the carbon absorption edge is 3 nm −1 , corresponding to a feature size of ∼2 nm. A detailed study of the complete annealing sequence will be undertaken once improvements to the RSoXS method have resulted in increased signal to noise ratio at high q.
To extract more information regarding domain size and purity from the photoluminescence data, a Monte Carlo model has been developed to model the process of exciton diffusion, recombination, and dissociation [7] . Morphologies were computer generated using a simulated annealing routine producing bicontinuous morphologies similar to those imaged here. Exciton diffusion is assumed to be isotropic within the domains, with a dissociation efficiency of 100% when an exciton encounters a heterojunction. The model allows for the influence of domain purity, domain size and exciton diffusion length on the efficiency of exciton dissociation (and hence photoluminescence quenching) to be evaluated by varying the appropriate parameters. (These computer generated morphologies do not reproduce the hierarchy of phase separation that we observed in as-spun films, but due to the relatively small variation in composition from feature to feature in these films, this additional structure can be regarded as a minor perturbation and is unlikely to significantly affect the analysis that follows.) Full details of the model can be found in a previous publication [7] . One immediate implication of the Monte Carlo simulation is that the measured photoluminescence quenching efficiencies cannot be reproduced without a high purity of phases, >98%, even when allowing the other parameters to vary significantly [7] . Fixing domain purity to 100%, it is then possible to calculate from the measured PLQE the effective average domain size for a given exciton diffusion length. For the simulations here, since the domain sizes becomes larger than the film thickness for higher anneal temperatures, the extent of the polymer volume in the simulation has been limited to the thickness of the PL samples with appropriate boundary conditions. Figure 3(c) plots alongside the measured feature size the calculated domain size for each annealing temperature studied using this approach, using an exciton diffusion length of 15 nm which is consistent with the range of values quoted in the literature and close to the value of 14 nm measured for a ladder-type poly( p-phenylene) [4] . Fits with lower exciton diffusion lengths could be obtained with either a small decrease in domain purity or with roughened or inter-diffused interfaces. However, as detailed previously [7] the model is extremely sensitive to domain purity with even an increase of 2 wt% of the minority component enough to cause significant exciton quenching in the larger domains such that the measured PLQEs cannot be reproduced. Interestingly, intermixing localized near the interfaces may provide a way to fit lower exciton diffusion lengths, however it is beyond the scope of the model at present. Comparing model and experiment in figure 3(c) , there is good agreement between the measured domain size and calculated domain size for anneal temperatures of 180 and 200
• C. For the milder anneal temperatures, the calculated domain size is at or below the resolution limit of the microscope and smaller than the measured feature size of 85 nm. Therefore while there is no change in the imaged feature size for these milder annealed films, from the photoluminescence data there is strong evidence for the evolution of the morphology on the length scale of tens of nanometres within the static 85 nm structures initially produced in as-spun films. Indeed, there is a small but significant increase in composition variation observed by STXM from as-spun to 140-160
• C annealed films providing additional evidence for fine-scale morphological evolution. Therefore we propose that with annealing up to 160
• C the morphology evolves within the imaged features on the length scale of sub-30 nm that is below the resolution of the instrument. Based on the photoluminescence and modelling data, these sub-30 nm phases evolve as relatively pure phases enclosed within the larger, intermixed 85 nm domains. For temperatures above 160
• C, the evolution of the finer phases merges with the larger domains, resulting in a loss of structure hierarchy and the film evolving as essentially pure domains as directly observed by STXM. Of course, the three-dimensional nature of the blend morphology means that we are not able to directly measure the local blend composition for these films as STXM records the average transmission through the entire film. However, film averaged compositions as high as 78 wt% are recorded for 200
• C annealed films with measured photoluminescence quantum efficiencies close to that of pristine materials. Even for domain sizes of 200 nm, as discussed above, the results of the Monte Carlo modelling study imply that the observed high photoluminescence quantum efficiencies cannot be achieved even with minority component concentrations of a few wt%. Planned RSoXS measurements will provide further insight into the three-dimensional nanostructure of these films on a finer length scale.
In our previous publication in which we reported the photovoltaic performance of similarly prepared films, device performance was optimized for an anneal temperature of 140
• C [7] . From the present analysis, the length scale of phase separation for this anneal temperature is calculated to be ∼15 nm, similar to the exciton diffusion length. The STXM results and associated modelling therefore confirm that it is necessary to control morphology on the length scale of tens of nanometres for efficient device operation. Given the range of morphological evolution, the desired optimum morphology lies in a narrow processing window far from the final equilibrium state. Assuming similar bicontinuous morphologies for the 140
• C film as observed for the 180 and 200
• C annealed films, the phase separation of these polymers into interconnected percolation networks for charge transport appears ideal for photovoltaic application. The inefficiency of the PFB/F8BT system can be attributed to recombination of geminate electron-hole pairs separated across interfaces rather than poor charge transport. The direct measurement of the length scales of the morphologies for the 180 and 200
• C annealed films also confirm our previous conclusions that device performance for these films deteriorates due to a decrease in exciton dissociation efficiency resulting from the phases becoming too coarse despite improvements in charge separation and collection. Similarly, the fact that the efficiency of the 200
• C annealed film with 225 nm sized domains is still nearly half as efficient as the optimum morphology with likely length scale in the range of 15-25 nm further highlights the problem of geminate recombination that prevent the morphologies with a finer scale of intermixing exploiting their higher exciton dissociation efficiency.
Conclusions
We have used scanning transmission x-ray microscopy and RSoXS to study the evolution of the nanomorphology of PFB/F8BT blends with annealing. For as-spun films from chloroform, structure is already present with dimension of ∼85 nm, although this is attributed to a higher order of phase separation with an intimate mixing within these structures implied by photoluminescence quenching measurements. With annealing, this finer scale of phase separation evolves as pure (or very nearly pure) domains within these 85 nm structures up to an anneal temperature of 160
• C. At this anneal temperature the size of the internal domains approaches that of the enclosing structures. Above 160
• C the evolution of the morphology is directly recorded by STXM, and is characterized by a bicontinuous nature favourable for charge transport. Applying the results of a Monte Carlo model of exciton diffusion and dissociation we were able to achieve good agreement between the size of the domains measured by STXM for anneal temperatures above 180
• C and those calculated by the model using an exciton diffusion length of 15 nm.
